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ABSTRACT 
This paper presents the sound absorption properties of a composite micro-perforated panel absorber 
(MPPA) whose front layer is produced by additive manufacturing. The MPPA layers are printed using a 
polymer material, where the different hole spacing is used to create different perforation ratios. The 
sound absorption coefficient is measured by using an impedance tube method, to investigate the 
effects of the perforation ratio and the depth of an airgap behind the MPPA. Also a porous material 
layer is attached behind the MPPA layer in order to produce a multi-layer sound absorber. The 
measurement results are compared to theoreticaltheoretical results. The comparisons show that the 
measured sound absorption coefficients are in good agreement with the theoretical model. The user of 
a porous sound absorbing material behind the microperforated panel broadens the frequency bandwith 
of the MPPA. The frequency of maximum sound absorption can be varied by altering the perforation 
ratio of the perforated panel and/or the depth of the airgap behind the panel. 
Keywords: Micro-perforated panel; Porous sound absorbing material; 3D printing technology; Perforation ratio; 




The use of micro-perforated panel absorber (MPPA) is a feasible solution for enhancing the noise 
attenuation in various industry applications, for instance, ships, vehicles, aircrafts, and buildings. The 
MPPA is usually a thin panel with a large number of submillimeter diameter perforations in front of a 
rigidly backed air cavity, in order to provide the correct acoustical resistance and the low acoustic 
reactance in order to provide wide-band sound absorption properties. The geometric design of an 
MPPA to obtain the desired sound absorption coefficient is a relatively easy challenge, but it is difficult 
and costly to process such submillimeter size of perforations by using etching, jetting, micro-punch or 
laser technology. Some of the literature has presented feasible methods to produce MPPA’s, such as 
using the infiltration method [1], the use of parallel perforated ceramic materials [2], and use of a micro-
filtering mesh [3]. Qian et al. [4] investigated sound absorption of MPPA with ultra-micro perforations 
using MEMS technology. High sound absorption in the low and medium frequency ranges was 
achieved. On the other hand, the actual drilling shapes were usually used instead of conventional 
circular holes. Slots or slits were punched to reduce the manufacturing process [[5]-[7]]. The acoustic 
behavior of a micro-slit panel was presented by Maa [8], and acoustic properties of a MPPA with 
arbitrary cross-sectional perforations were derived by Ning et al. [9]. The aim was to find an effective 
way to improve the sound absorption of the MPPA. Furthermore, the composite sound absorption 
structure was optimized for specific noise control applications. Wang et al. [10] proposed a bionic 
method to develop a new multi-layer sound absorption structure. The sound absorption for broadband 
and low-frequency noise was significantly improved. Kim et al. [[11],[12]] developed a composite helical 
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shaped porous structure using carbon fiber to enhance the sound absorption. It was light and thin 
compared to conventional materials. Recently, an alternative method of using additive manufacturing to 
fabricate a high precision sound absorber was introduced and first studied by Liu et al. [13]. In this 
paper, the perforated layers were produced using 3D printing technology, and the sound absorption 
coefficients were measured and theoretically predicted. 
The acoustic property of an MPPA largely depends upon the geometry structure, and its sound 
absorption is predictable. The propagation of the sound wave in a narrow tube was originally presented 
by Rayleigh [14], and it was simplified by Crandall [15] for holes which are short in comparison with the 
wavelength. However, the diameters of the perforations for conventional perforated panels are usually 
of the order of millimeters or centimeters, and they have little inherent acoustic resistance. This 
imperfection can be improved by reducing the hole diameter to a submillimeter size so that the narrow 
absorption peaks become much wider. Maa [[16], [17]] first proposed the use of a micro-perforated 
panel absorber, based on the theory developed by Rayleigh and Crandall [[14], [15]]. Simultaneously, 
he developed an approximate theory and a general theory to predict the acoustic properties of MPPA 
structures [[18], [19][19]]. Maa’s early theoretical model [[16]-[18]] was applied, and particularly, was 
effective for an MPPA with circular holes and low perforation ratio. However, the interaction between 
neighboring holes strongly affects the acoustic properties of a MPPA. This is because the viscous 
boundary layer is significantly disturbed by the flow around the hole edges. Therefore, it is necessary to 
add the end corrections which including the additional resistance and mass reactance [19]. The 
properties of the acoustic impedance of an orifice were developed by Ingard and Labate [20], Ingard 
[21], Melling [22], and Stinson and Shaw [23]. An experimental investigation of the effects of hole 
interactions on the sound absorption of an MPPA was reported by Tayong et al. [24]. The acoustic 
resistance depends on the hole spacing, and the sound absorption decreased with a decrease of the 
hole spacing. The literature mentioned above has theoretically analyzed the acoustic properties of an 
MPPA, and the theoretical modifications were presented to improve the accuracy of the prediction. 
An MPPA layer is usually mounted in front of a rigid wall, and the depth of the airgap between the 
MPPA and the rigid wall is varied to obtain the desired acoustical properties. The sound absorption of 
an MPPA by an airgap has been theoretically analyzed and experimentally validated [[25]-[27]]. 
Recently, Wang et al. [28] studied the sound absorption of an MPPA backed an irregularly shaped 
cavity. Yang et al. [29] developed a theoretical model to predict the absorption properties of MPPA for 
oblique incidence sound. Their study focused on tuning the effective sound absorption range of the 
MPPA and investigated the effect of the backing cavity shapes. Lee [30] investigated the absorption 
properties of an MPPA backed with a cavity with leaking edges. He has pointed out that the effect of 
the leakage would be substantial at low frequencies. However, the effective sound absorption 
bandwidth of a single MPPA was limited, and a large cavity depth was often not suitable for practical 
applications. This could be improved by using a multi-layer MPPA sound absorber [[31], [32]] to 
optimize the design and improve the sound absorption. Furthermore, an MPPA backed with a porous 
material maybe efficiently used to broaden the sound absorption [[13], [33], [34]]. It should be noted that 
the transfer matrix method [[35]-[38]] has been widely used to effective predict the sound absorption 
coefficient of the multi-layer acoustic absorber. 
In this paper, the perforated layers were fabricated with different perforation ratios using additive 
manufacturing. A single MPPA layer backed by an airgap and an MPPA layer backed with a porous 
material and an airgap were studied. Their normal sound absorption coefficients were measured by 
using the impedance tube method. The acoustic mechanism of an MPPA layer backed with airgap 
wasmodelled using Maa’s theory. The sound absorption an MPPA layer with a porous material and 
rigidly backed airgap behind the MPPA layer was calculated using the transfer matrix method. The 
acoustic properties of the theoretical model and the measured results are presented and discussed, to 
quantify effects of the perforation ratio of the MPPA layer, the depth of the airgap and the presence or 
absence of the porous material on the sound absorption coefficient. 
2. Theoretical background 
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In this study, the multi-layer sound absorbers included an MPPA layer, a porous material, and an 
airgap. The sound absorption of an MPPA layer backed by airgap can be calculated using Maa’s theory 
[18]. In order to predict the theoretical acoustic properties of a multi-layer sound absorber, the transfer 
matrix method was used. The transfer matrices of each layer were independently calculated and then 
connected to obtain the total surface impedance and sound absorption coefficient of the system. It 
should be noted that Maa’s model [[16]-[19]] including end corrections was used to obtain the input 
acoustic impedance of the MPPA layer and the JCA (Johnson-Champoux-Allard) equivalent fluid model 
[[39]-[42]] was used to obtain the acoustic properties of the porous material. 
2.1 Acoustic impedance and sound absorption of the MPPA 
Fig. 1 shows the schematic diagram of an MPPA layer backed by an airgap in front of a rigid wall. 
In this case, the incident sound wave    is normal to the surface of the MPPA layer. The relative 
acoustic impedance    (normalized by dividing by      ) of an MPPA layer is calculated in the terms of 
the specific acoustic resistance   and the specific acoustic reactance  . The theoretical formula 
proposed by Maa including the impedance of the MPPA layer and the end corrections can be obtained 
from the following equations [[18], [19]]: 



































x    (4) 
where   is the normlized specific acoustic rsistance,   is the normlized specific acoustic reactance, 
      is the angular frequency,   is the frequency,    is the ambient air density,   is the coefficient of 
the kinematic viscosity of air,    is speed of the sound,  ,  ,   are the thickness, hole diameter and 
perforation ratio of an MPPA layer respectivelyand   is the perforate constant. On the other hand, the 
normalized specific acoustic impedance of the rigidly backed airgap with depth of   behind the MPPA 
layer is given by [19]: 
 0cot( / )Dz j D c   (5) 
The total normalized specific acoustic impedance        and the normal sound absorption coefficient, 
   of the MPPA layer backed by airgap are then calculated by [[18], [32]]: 
  0cot( / )total M Dz z z r j m D c       (6) 
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2.2 Acoustic impedance of the porous material 
The propagation of a sound wave in a porous material which can be modelled as an equivalent 
fluid is fully described by the complex wave impedance and the complex wave number. Assume the 
porous material is motionless and that the frame of the porous material does not undergo displacement 
and deformation. Therefore, the air inside of a porous material can be replaced by an equivalent fluid 
[39]. The sound propagation in a porous material then can be calculated by a complex effective density, 
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     and a complex bulk modulus,     . The acoustic impedance    of the porous material may be 
obtained from the JCA equivalent fluid model, and it is given by [[39]-[42]]: 
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where    is the specific heat ratio (adiabatic constant),    is the static reference pressure,    is the 
Prandtl number for the ambient fluid,    is the tortuosity,   is the flow resistivity,   is the porosity and   
and    are the viscous characteristic length and thermal characteristic length, respectively. 
2.3 Transfer matrix approach and the sound absorption coefficient 
The transfer matrix method is used to predict the theoretical acoustic properties of a multi-layer 
sound absorber including an MPPA layer, a porous material layer, and an airgap. A schematic of the 
multi-layer sound absorber is illustrated in Fig. 2. Applying the transfer matrix method [38], the total 
transfer matrix        of a multi-layer sound absorber can be obtained by connecting the individual 
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where    is the acoustic impedance of an MPPA layer,    is the acoustic impedance of air, which is 
given by        ,    is the wave number in the airgap in front of the rigid wall and it is given by 
      .    is the complex wave number of the sound waves in the porous material. it can be 
calculated by     √         , and   is the thickness of the porous material. The surface acoustic 
impedance    and the sound absorption coefficient of a multi-layer sound absorber then can be 
calculated by [43]: 
 11 21/sZ T T  (15) 
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3. Materials and measurement 
3.1. Materials 
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The polymer material named VisiJet-SL (Clear) purchased from 3D-Systems, Inc. was used in this 
study. It has the average composition of 60-75% of 4,4’.Isopropylidenedicyclohexanol (HBPA), which 
was oligomeric reaction products with 1-chloro-2,3-epoxypropane, 15-25% of 3-ethyl-3-hydroxymethyl-
oxetane, and 1-5% of a mixture containing triarylsulfonium salts. The density (liquid) and density (solid) 
of VisiJet-SL (Clear) at 25 oC were 1100 kg/m3 and 1170 kg/m3, respectively. Thus, the printed 
composite MPPA layers are lighter than a conventional MPPA made of metal. A 5 mm non-woven 
porous material was used. It was mainly made from recycled cotton fibers. This porous material has an 
average density of 96.6 kg/m3, and it was punched to produce a 29 mm diameter test specimen to fit in 
the impedance tube. The acoustic properties of the selected porous material were: airflow resistivity   = 
289000 N.s/m4, tortuosity    = 1.46, porosity   = 0.85, viscous characteristic length   = 112 µm, and 
thermal characteristic length    = 224 µm. These acoustic material properties were measured by Liu et 
al. [[44]-[46]]. 
3.2. MPPA Specimen preparation 
Fig. 3 shows the design of the MPPA structures and the prepared test specimens. Four polymer 
composite MPPA samples, namely MPPA1, MPPA2, MPPA3, and MPPA4, were fabricated by using a 
professional 3D printer (ProJet 7000) purchased from 3D-System Inc. The ProJet 7000 uses 
stereolithography (SLA) technology to print accurate and perfectly formed MPPA test specimens on a 
layer by layer approach using ultraviolet light. In this study, the test specimens were printed with a fine 
layer resolution of 0.0254 mm; their accuracy was 0.0254-0.05 mm per 25.4 mm of part dimension. The 
four composite MPPA samples were designed with the same thickness   = 1 mm, sample diameter 29 
mm, and hole diameter   = 0.6 mm. These structural parameters were chosen in order to provide a 
reasonable amount of resistance and allow a suitable of perforation ratios to be used [[23], [47]]. It 
should be noted that they were printed with different hole spacings   = 5 mm for MPPA1, 4 mm for 
MPPA2, 3 mm for MPPA3 and 2 mm for MPPA4, respectively. Thus they provide a range of perforation 
ratios. The printed test specimens were rigorously measured and selected, in order to comply with the 
design requirement. The structural parameters of the MPPA test specimens are listed in Table 1. 
3.3. Sound absorption coefficient measurement 
The sound absorption coefficients were measured by using a two-microphone transfer function 
method, according to the ASTM E1050-12 standard [48]. The experiment was performed under the 
ambient laboratory temperature of 211 oC and relative humidity of 51 %. The velocity of sound was 
343.9 m/s and the density of air was 1.2 kg/m3. Fig. 4 shows the measurement setup in the laboratory, 
where a Brüel & Kjær impedance measurement tube Type 4206 was used to measure the sound 
absorption coefficient of the test specimens. The impedance tube inner diameter was 29 mm, and the 
acoustic properties were measured in the frequency range from 500 Hz to 6400 Hz [45]. In this method, 
a loudspeaker generated a random sound signal at one end of the tube. The complex sound reflection 
coefficient   of a test sample was calculated from the corrected acoustic transfer function     between 
the two microphone positions [[49], [50]]. The normal incidence sound absorption coefficient    was 
then calculated by the equation     -| |
 . Furthermore, the sound absorption coefficients were 
measured with different depth airgaps behind the MPPA, and also with a porous material layer as 
mentioned above to form a multi-layer sound absorber. 
4. Results and discussion 
4.1 Comparison of the results 
Fig. 5 demonstrates the comparison of the sound absorption coefficient graphs of the 
measurement and prediction for the sample MPPA1 backed by an airgap, and a multi-layer acoustic 
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absorber (rigidly backed airgap with a porous material behind the MPPA1 layer). It can be seen that the 
sound absorption coefficient results obtained by the analytical method agree reasonably well with the 
measurement data. The predicted peak sound absorption coefficient values and their corresponding 
frequencies agree fairly well with the measurement results. The maximum sound absorption coefficient 
for the case of the MPPA1 layer backed by an airgap occurs at the resonant frequency of 3700 Hz. The 
peak sound absorption coefficient for the multi-layer acoustic absorber occurs at the resonant 
frequency of 2500 Hz. One can notice that the maximum sound absorption coefficient values were 
obtained when the imaginary part of the normalized acoustic impedance equals zero. Moreover, there 
are some fluctuation peak values visible at frequencies below 2000 Hz for the experiment data. Those 
peaks commonly correspond with fundamental modes of the MPPA layer itself and air resonances of 
the impedance tube. In short, Maa’s model and the transfer matrix method are validated for the 
prediction of the acoustic sound absorption of the 3D printed MPPA samples. 
4.2 Perforation ratio on the effect of the sound absorption coefficient 
The effect of the perforation ratio on the sound absorption coefficient of the four MPPA layers, 
when backed by an airgap and combined with a porous material, is shown in Fig. 6. In this case, the 
distance between the MPPA layer and the rigid wall is the same as the thickness of the porous material 
layer. It can be seen that increasing the perforation ratio of the MPPA layer yields a higher acoustic 
resonance frequency for the peak sound absorption coefficient, for both the case of an MPPA layer 
backed by an airgap and backed with a porous material. This is because an increase of the perforation 
ratio results in the decrease of the total acoustic mass of all the holes and thus increases the resonant 
frequency at which maximum the sound absorption coefficient occurs. Besides, it can be seen that the 
peak sound absorption coefficients and the corresponding frequencies had no obvious changes, for 
both the case of MPPA layer backed by the airgap and backed with a porous material layer. However, 
for the case of an MPPA layer backed by a porous material, the higher perforation ratio demonstrates 
wider broadband sound absorption ranges. At lower frequencies, a smaller perforation ratio of MPPA 
layer gives a better peak sound absorption coefficient whereas a higher perforation ratio can control the 
sound absorption at higher frequencies. To obtain the desired peak sound absorption coefficient 
frequency and a wider frequency range, it is necessary to adjust the perforation ratio of the MPPA layer 
or combine with an appropriate porous material layer. 
4.3 Effect of the airgap 
Fig. 7 shows the sound absorption coefficient of the MPPA layer for the case of different depth 
airgaps (2mm, 4mm, 6mm and 8mm) behind the test samples in the impedance tube. Here, all sound 
absorption coefficient graphs, regardless of perforation ratio, show a similar variation: the width of the 
peak sound absorption increases with increasing depth of the airgap, and this also shifts the maximum 
sound absorption coefficient to the low-frequency range. This is due to the holes, which are open at 
both ends, acting as an acoustic mass and the airgap acting as an acoustic spring which creates a 
mass-spring resonance. The peak sound absorption occurs when the stiffness of the air cavity cancels 
the mass of the holes. An increase in the depth of the airgap reduces the stiffness of the airgap and 
thus moves the absorption peak towards the lower frequencies, as well as broadening the bandwidth of 
the peak sound absorption coefficient. Moreover, the results reveal that for a small perforation ratio 
sample (MPPA1,   = 0.9%,   = 5 mm), the maximum sound absorption coefficient value progressively 
increases with an increase in the depth of the airgap. However, for large perforation ratio samples 
(MPPA3 and MPPA4), the maximum sound absorption coefficient progressively decreases with an 
increase in the depth of the airgap. It should be noted that the peak sound absorption coefficient for 
MPPA2 (  = 1.59%,   = 4 mm) is the highest, and it remains constant with the change of the depth of the 
airgap. Nevertheless, for a large perforation ratio sample (MPPA4,   = 5.9%,   = 2 mm), the sound 
absorption capabilities are not satisfactory. In order to design an MPPA layer to obtain the desired sound 
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absorption capability, it is necessary to combine the influencing factors of thickness, perforation ratio and 
depth of the airgap behind the MPPA layer. It is also feasible to attach a porous material layer to broaden 
the sound absorption frequency bandwidth. 
4.4 Acoustic properties of a multi-layer sound absorber 
Fig. 8 shows the measured sound absorption coefficient results of the multi-layer sound absorber 
including an MPPA layer, a porous material layer and an airgap to a rigid wall. All acoustic property 
graphs show that the multi-layer sound absorber has wider bandwidth sound absorption. However, 
significant changes are not observed at high frequencies, although at low to mid frequencies, the 
expected effect is achieved. In this case, the MPPA layer provides the acoustic mass reactance which 
cancels the acoustic stiffness reactance of the layer of the porous material and the airgap in front of a 
rigid backing at the peak sound absorption coefficient frequency. The sound absorption capabilities 
become broader, and it covers a wider frequency range. This is due to the fact that the air resonance in 
the airgap and porous material layer is further damped by the porous material layer. Thus, an MPPA 
layer with an attached porous material layer in front of an airgap makes the MPPA absorber more 
wideband. Simultaneously, the depth of the airgap controls the resonant frequency of the peak sound 
absorption coefficient. 
5. Conclusions 
In this study, a new method to produce an MPPA layer has been successfully developed by using 
additive manufacturing. The sound absorption coefficient of a 3D printed MPPA layer backed by an 
airgap and also with an attached porous material was measured and theoretically predicted. The 
normal sound absorption coefficients were measured by using the impedance tube method. The 
prediction method was based on Maa’s theory, and the sound absorption coefficient of the multi-layer 
sound absorber was calculated using the transfer matrix method. It has been shown that the 
measurement results agree fairly well with the theoretically model. The effects of perforation ratio and 
the depth of the airgap were presented. The results indicated that increasing the perforation ratio of the 
MPPA layer yields a higher acoustic resonance frequency for the peak sound absorption coefficient. 
The acoustic resonant frequency was found to depend on the depth of the airgap behind the MPPA 
layer. The acoustic resonant frequency of the corresponding peak value of sound absorption coefficient 
was reduced, with increasing airgap behind the test samples in the impedance tube. The significant 
improvement of the sound absorption coefficient at low to mid frequencies can be attributed to the 
porous material layer and the airgap. The multi-layer sound absorber gives wider broadband sound 
absorption. The results obtained in this paper provide a new approach for the fabrication of a composite 
sound absorber for noise control applications. 
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Figure Captions 
 
Fig. 1. (a) Schematic diagram of an MPPA layer backed by an airgap, and (b) its electro-acoustical equivalent circuit model. 
 
 








Fig. 3. 3D printed MPPA samples: (a) & (b) geometry of the test samples, (c) MPPA1, p=0.90%, (d) MPPA2, p=1.59%, (e) 
MPPA3, p=2.63%, and (f) MPPA4, p=5.90%. 
 
Fig. 4. (a) Sound absorption coefficient measurement setup in the laboratory, (b) schematic of impedance tube method, (c) 
test specimen mounted inside the impedance tube, and (d) porous material specimen. 
 
 
Fig. 5. Comparison of the measured and predicted sound absorption coefficients for (a) MPPA1 with a 2mm airgap, (b) 
MPPA1 backed by a porous material. 
 
 




Fig. 6. Influence of perforation ratio on the sound absorption coefficient for MPPA layer backed by (a) 5 mm airgap, and (b) a 5 
mm porous material. 
 
 









Fig. 8. Measured sound absorption coefficient of multi-layer acoustic absorber consisting of (a) MPPA1, (b) MPPA2, (c) 

















MPPA1 28.96 1.02 5 0.6 0.90 
MPPA2 28.94 1.01 4 0.6 1.59 
MPPA3 28.92 1.01 3 0.6 2.63 
MPPA4 28.95 1.00 2 0.6 5.90 
 
 
